Single and multiple charge transfer cross sections for Ne q+ (q = 2 -6) ions were measured in collisions with Ne, Ar, Kr, and Xe atoms at 2q keV. Quintuple charge transfer cross sections σ 6,1 were derived for the Ne 6+ + Ne, Ar, and Xe collisions. In Ne atoms, the double, triple, and quadruple charge transfer of Ne 2+ , Ne 3+ , and Ne 4+ ions, respectively, represent so-called symmetric resonant charge transfer processes. The present data for these collisions are in good accordance with the previous data. The scaling properties of the total, single, and multiple charge transfer cross sections were examined, and it was found that the double, triple, and quadruple charge transfer cross sections can be scaled using the second, third, and fourth ionization potentials, respectively.
Introduction
Fundamental collision data of various atomic processes are indispensable to plasma modeling in fusion science and astrophysics. The accurate knowledge of charge transfer processes and accumulation of charge transfer cross sections between multiply charged ions and neutral particles are critically important in better understanding of low temperature edge plasmas, and their plasma modeling in the fusion devices [1] . In current controlled thermonuclear fusion devices with a gas puffing system, the collisions of inert gas atoms and ions play a key role in cooling and diagnostics of low temperature edge plasmas [1, 2] . In the 1990 s, X-ray emissions from many comets were observed, and the origin of the emissions was attributed to the charge transfer in solar wind ions involving Ne ions from the cometary gases [3] .
The first systematic measurements of charge transfer cross sections were performed by Salzborn and coworkers [4] [5] [6] [7] . To the best of our knowledge, however, charge transfer cross section measurements of multiply charged Ne ions colliding with noble gas atoms are sparse at low collision energy.
In this study, therefore, we have measured single and multiple charge transfer cross sections σ q,q−k of Ne q+ ions (q = 2 -6) in collisions with Ne, Ar, Kr, and Xe atoms at 2q keV where q is the incident charge number of primary ions and k is the final number of the charge transferred orbital electrons. Because we observed the final charge † deceased author's e-mail: kusakabe@phys.kindai.ac.jp * ) This article is based on the presentation at the 23rd International Toki Conference (ITC23).
states of primary ions passing through the target gas, the "k charge transfer" cross section σ q,q−k for the final (q − k)+ ions includes both radiative and Auger processes. The total charge transfer cross section σ tot represents the summation of the cross sections for all possible numbers of transferred electrons. The scaling properties of the present single, total, and multiple charge transfer cross sections are also discussed.
Experimental
A detailed description of the experimental apparatus and methods used in the present study is reported elsewhere [8] [9] [10] . Only the important points and differences are briefly mentioned.
Multiply charged neon ions were produced by a compact electron beam ion source called micro-EBIS [11] using a strong ring permanent magnet. The extracted ions were separated with a Wien filter according to their specific charge (charge/mass). To avoid the contaminations of 12 ions, which are generated when the target gas enters the EBIS. For the same reason, 22 Ne 3+ ions were used in the Kr target.
Then, the selected beam of multiply charged Ne ions was introduced into a 40 mm long collision cell filled with target gases of more than 99.9% purity. The target gas pressure in the collision cell was measured with a calibrated high-sensitivity Pirani gauge and ranged from 0.002 to 1 Pa. After the charge transfer collisions, the charged and neutral Ne particles emerging from the cell were separated with an electrostatic deflector and detected with a positionsensitive micro channel plate detector (MCP-PSD). The charge transfer cross sections were determined based on the initial growth rate method, that is, each charge fraction of the product Ne ions and atoms formed in the charge transfer collision was observed against the target gas thickness and was fitted to a quadratic function of the target thickness. The charge transfer cross sections were determined from the slope of the linear part of the observed fraction curves. The detection efficiencies of the present MCP-PSD for Ne q+ and neutral Ne particles are assumed to be identical within the experimental uncertainties over the present collision energy range, as discussed in the previous studies [12] [13] [14] . The vacuum system was evacuated with two turbo molecular pumps (50 and 500 l/s) and a cryogenic pump. The typical residual gas pressure was approximately 5 × 10 -7 Pa in the vacuum chambers containing the micro-EBIS.
The statistical and systematic uncertainties of the observed single and multiple charge transfer cross sections were separately determined. As a result, the total experimental uncertainties of the absolute cross sections are given as the quadratic sum of these uncertainties and range from 10.1% to 54.2%.
Results and Discussion
The present experimental cross sections for single and multiple charge transfer of Ne q+ ions colliding with Ne, Ar, Kr, and Xe atoms are listed in Table 1 and shown in Fig. 1 . For the Ne 6+ + Ne, Ar, and Xe collisions, quintuple charge transfer cross sections σ 6,1 were derived.
Overview and single charge transfer cross sections
In Ne atoms, the double, triple, and quadruple charge transfers of Ne 2+ , Ne 3+ , and Ne 4+ ions, respectively, are so-called symmetric resonant charge transfer processes. The present data for these collisions are in good accordance with the data of Kaneko et al. [15] . For Ar atoms, the data of Salzborn and coworkers [4, 7] [5] [6] [7] at 30 keV are also shown in Fig. 1 . In these cases, not only the multiple charge transfer cross sections but also the single charge transfer cross sections are larger than the present values. It is previously pointed out by Kusakabe et al. [8] that the cross section data by Salzborn and coworkers have overestimated with the increase in the ionization potential of the target particles.
Kusakabe et al. [8] previously measured the cross sec- tions of single charge transfer by 0.286 keV/q Ar q+ (q = 2 -7), Kr q+ (q = 2 -9), and Xe q+ (q = 2 -11) ions colliding with various kinds of atoms and molecules, and presented a best-fit relation as follows:
where the first ionization potential I 1 of the target particles is expressed in units of eV. As shown in Fig. 1 , this empirical relation, shown by the solid lines, approximates the single charge transfer cross sections. [7] and Ar q+ ions [4] [5] [6] [7] at 30 keV, respectively. Solid lines are the scaling law presented by Kusakabe et al. [8] . The dotted lines are drawn for visual aid.
Total charge transfer cross sections
In the framework of the simple classical over-barrier model for a projectile ion with quasi-continuous energy levels, which is called the "classical absorbing sphere model" (CASM) proposed by Janev and Presnyakov [16] , one target electron overpasses the potential barrier at a critical internuclear distance R C . The total charge transfer cross section is given as follows:
For q 1, the expression σ CASM tot can be approximated as follows:
For total charge transfer, this expression is identical to the scaling law proposed by Kimura et al. [17] .
For an incident ion with discontinuous energy levels, electrons cannot be always transferred even if the overbarrier condition is satisfied. The "energy level matching condition" (EM) has been introduced [18, 19] and the corresponding critical internuclear distance R EM C is defined as follows:
where E B is the electron binding energy in the (q − 1)+ ion. Using the value of the actual Ne ion as the E B values [20] , which satisfies the condition R C > R EM C and gives the largest R EM C value, the total charge transfer cross section is expressed as follows:
Kusakabe et al. [21] previously presented the total charge transfer cross sections for 2q keV Ne q+ (q = 2 -6) and Ar q+ (q = 2 -9) ions colliding with various hydrocarbon molecules and the best-fit relation, which is as follows:
where I 1 is expressed in units of eV. In Fig. 2 , the observed total charge transfer cross sections are represented by the solid circles. In this figure, the open circles, dashed curves, solid and dot-dashed lines represent the EM, the CASM [16] , the scaling law "MK" [17] , and the empirical scaling relation "TK" reported by Kusakabe et al. [21] , respectively. The CASM is believed to give the possible upper limit of the total charge transfer cross sections. The σ tot values are close to the present experimental σ tot data, except for q = 2. Although the EM results roughly approximate the experimental data, it is not completely in agreement. It is noted that the average rate of the single to total charge transfer cross sections was 79% in the observed collision partners.
Multiple charge transfer cross sections
Salzborn and coworkers [6, 7] presented the following empirical scaling law for multiple charge transfer cross sections together with the single charge transfer cross sections using the first ionization potential I 1 as follows: where A k , α k , and β k are the fitting parameters. However, as mentioned in the preceding subsection 3.1, multiple charge transfer cross sections measured by Salzborn and coworkers [4] [5] [6] [7] are larger than the present values. Therefore, the fitting parameters A k , α k and β k are reexamined to fit the present multiple charge transfer cross sections by using the k-th ionization potential I k instead of I 1 , and the results are listed in Table 2 . In Fig. 3 , reduced plots of the present double, triple, and quadruple charge transfer cross sections for Ne q+ ions colliding with Ne, Ar, Kr, and Xe atoms are shown as a function of the incident charge number q. Except the data of double charge transfer for the Ne target, the scaling relations fit well with the majority of the present data.
In conclusion, the present observations provide reasonably reliable cross section data for the charge transfer of Ne q+ (q = 2 -6) ions in collisions with Ne, Ar, Kr, and Xe atoms at 2q keV. Previously proposed empirical scaling relations approximated the values of the present single and total charge transfer cross sections. For double, triple, and quadruple charge transfer cross sections, new scaling relations are proposed. However, the previous studies of Kr 2-9+ and Xe 2-10+ ions [22, 23] have reported that the maximum value in the multiple charge transfer cross section curve appeared with increasing the incident charge number. Further progress of both experimental and theoretical studies is expected to clarify the property of the multiple charge transfer cross sections for highly charged ions.
